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Abstract
We study effects of supersymmetric particles in various rare B decay processes as well as in
the unitarity triangle analysis. We consider three different supersymmetric models, the minimal
supergravity, SU(5) SUSY GUT with right-handed neutrinos, and the minimal supersymmetric
standard model with U(2) flavor symmetry. In the SU(5) SUSY GUT with right-handed neutrinos,
we consider two cases of the mass matrix of the right-handed neutrinos. We calculate direct and
mixing-induced CP asymmetries in the b → sγ decay and CP asymmetry in Bd → φKS as well
as the Bs–B¯s mixing amplitude for the unitarity triangle analysis in these models. We show that
large deviations are possible for the SU(5) SUSY GUT and the U(2) model. The patterns and
correlations of deviations from the standard model will be useful to discriminate the different SUSY
models in future B experiments.
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I. INTRODUCTION
Success of B factory experiments at KEK and SLAC indicates that B physics is important
to explore origins of the flavor mixing and the CP violation in the quark sector. The CP
asymmetry in the Bd → J/ψKS mode is precisely determined, and a CP violation parameter,
sin 2φ1 (or sin 2β) is found to be consistent with the prediction in the standard model (SM)
[1]. In addition, branching ratios and CP asymmetries in various rare B decays have been
reported. In future, we expect much improvement in measurements of CP violation and rare
B decays at e+e− B factories as well as hadron B experiments [2].
Goals of future B physics are not only to very precisely determine the parameters of the
Cabbibo-Kobayashi-Maskawa (CKM) matrix elements [3], but also to search for new sources
of CP violation and flavor mixings. For instance, scalar quark (squark) mass matrices could
be such new sources in supersymmetric models. Since the flavor structure of the squark
mass matrices depends on the mechanism of supersymmetry (SUSY) breaking at a higher
energy scale and interactions above the weak scale through the renormalization, future B
physics can provide quite important information on the origin of SUSY breaking.
In our previous papers [4, 5], we studied the flavor signals in three different models namely,
the minimal supergravity (mSUGRA), the SU(5) SUSY GUT with right-handed neutrinos,
and the minimal supersymmetric standard model (MSSM) with U(2) flavor symmetry [6,
7]. These models are typical solutions of the SUSY flavor problem. They have different
flavor structures in the squark mass matrices at the electroweak scale. Thus, they may be
distinguished by low energy quark flavor signals. We calculated SUSY contributions to the
Bd–B¯d, Bs–B¯s, and K
0–K¯0 mixings in these models, and showed that the consistency test of
the unitarity triangle from angle and length measurements are useful to discriminate these
models.
In addition to the consistency test of the unitarity triangle, there are several promising
ways to search for new physics effects through B decay processes. As pointed out in the
context of SUSY models [8, 9], comparison of time-dependent CP asymmetries in Bd →
J/ψKS, Bd → φKS, and Bd → η′KS provides us with information on new CP phases in the
b→ s transition, because these asymmetries are expected to be the same in the SM. Recent
results on the CP asymmetry in Bd → φKS by Belle and BaBar collaborations indicate a
2.7σ deviation from the SM prediction [10]. This anomaly may be attributed to new physics,
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SUSY with R parity [11, 12], SUSY without R parity [13], or other models [14]. Moreover,
the CP asymmetries in the b→ sγ process [15, 16] have been extensively studied in several
models, and they would exhibit substantial deviation from the SM in some models [17]. The
branching ratio and decay distributions of b → sll¯ have also examined by several authors
in different contexts of new physics, and they may probe different aspects of new physics
[18, 19].
In this paper, we extend our previous analysis [4] to rare B decay processes, especially
b → s transitions. We investigate the direct CP asymmetry in b → sγ, and the mixing
induced CP violation in Bd → Msγ process, where Ms is a CP eigenstate hadron with
strangeness, and CP asymmetry in Bd → φKS process. We show that the above three
models exhibit different patterns of deviation from the SM. These observables as well as
those studied in our previous paper [4] could play an important role in new physics search
at future B experiments such as a super B factory [20] and hadron B experiments [2].
The strategy of the present work and [4] is different from most of other works. For
each model of SUSY, we calculate SUSY effects in various mixings (Bd–B¯d, Bs–B¯s, and
K0–K¯0) and rare decay processes, and identify possible patterns of deviations from the SM
predictions. We then compare patterns of the new physics signals for different models. In
this way we may be able to distinguish different models of SUSY breaking scenarios, or at
least obtain important clues to identity the SUSY breaking sector. Most of past works deal
with a specific observable signal in a particular SUSY model. The strategy of combining
various information in B physics will be important in future, especially in the days of a
super B factory and dedicated hadron B experiments. The purpose of the present work is
to demonstrate how such global analysis in B physics is useful to explore the flavor structure
of SUSY breaking sectors.
In the present work, some of our calculations are re-analysis of past works under most
up-dated phenomenological constraints, and others are new studies. Even in the case that
a similar calculation can be found in the literature for a specific process and a model, we
repeat the calculation in order to treat various processes in a uniform way. In the mSUGRA
model, Bd–B¯d, Bs–B¯s, and K
0–K¯0 mixing, and the direct CP violation of b → sγ were
studied previously. Although the mixing-induced CP violation in Bd → Msγ process and
CP asymmetry in Bd → φKS process have not explicitly considered before, it was recognized
that such processes did not induce interesting signals once the severe constraints from various
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electric dipole moments were applied. We have confirmed this by explicit calculations. For
the SU(5) SUSY GUT with right-handed neutrinos, we have found that flavor signals are
quite different for different choices of the heavy right-handed neutrino mass matrix. The
“degenerate case” defined in the next section was considered in [4, 21, 22]. In particular,
SUSY effects on the mixing amplitudes were studied in [21, 22], and the mixing-induced
CP violation in Bd → Msγ process was also considered in [21]. The direct CP violation
in b → sγ and the CP asymmetry in Bd → φKS process are analyzed here for the first
time. The analysis of B physics signals in “non-degenerate case” is new. We compare the
implications of consistency test of the unitarity triangle for degenerate and non-degenerate
cases, which has been done only for degenerate case in [4]. We also present analysis of rare
decay processes and the Bs mixing for non-degenerate case, which partly overlaps with a
recent work in [12]. For the U(2) model, flavor signals has been considered previously for
mixing amplitudes in [4, 24], but a quantitative analysis of various rare decay modes has
not yet appeared in the literature. Preliminary results of our analysis are presented in a
workshop report [5], but the non-degenerate case is not included in Ref. [5].
Although we tried to clarify a characteristic feature of each model, this cannot be com-
plete because of large numbers of free parameters. There might be some parameter space
where new contributions become particularly important, which are not shared in a generic
parameter space. For example, it was pointed out recently that neutral Higgs boson ex-
change effects may contribute to the various flavor changing process, especially for a large
value of the ratio of the two vacuum expectation values (tanβ) [23], but we do not take into
account these effects. Although we estimate that such an effect is small for the parameter
region presented numerically in this paper, this effect will be potentially important.
This paper is organized as follows. In Sec. II, we introduce the three models. The Bd–B¯d
mixing, the Bs–B¯s mixing, CP asymmetries in b → sγ and Bd → φKS are discussed in
Sec. III. The numerical results on these observables are presented in Sec. IV. Our conclusion
is given in Sec. V.
II. MODELS
In this section, we give a brief review of the models. They are well-motivated examples
of SUSY models, and are chosen as representatives that have distinct flavor structures. A
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detailed description of these models can be found in Ref. [4].
A. The minimal supergravity model
In the mSUGRA, SUSY is spontaneously broken in the hidden sector and our MSSM
sector is only connected to the hidden sector by the gravitation. The soft breaking terms
are induced through the gravitational interaction, and the soft breaking terms have no new
flavor mixing at the scale where they are induced.
The soft breaking terms are specified at the GUT scale by the universal scalar mass
(m0), the universal gaugino mass (M1/2), and the universal trilinear coupling (A0). The soft
breaking terms at the electroweak scale are determined by solving renormalization group
equations.
In this model, the only source of flavor mixings is the CKM matrix. New flavor mixings
at the electroweak scale come from the CKM matrix through radiative corrections.
As for CP violation, in addition to the CP phase in the CKM matrix, we have two new
CP phases. One is the complex phase of the µ term (φµ), and another is the phase of A0
(φA). Since the potential sensitivity of the neutron electric dipole moment (EDM) to CP
violations in low energy SUSY models was stressed by Ellis et al. in Ref. [25], the neutron
EDM and the electron EDM have been studied in detail by several authors in different
context of low energy SUSY [25, 26, 27]. The bottom line in the mSUGRA is that φµ and
φA contribute to the neutron and the electron EDM’s, and experimental constraints [28, 29]
on these phases are very severe. Taking these EDM constraints into account, effects of new
CP phases on K and B physics have turned out to be small [30].
B. The SU(5) SUSY GUT with right-handed neutrinos
In the last decade, three gauge coupling constants were determined precisely at LEP and
other experiments, and the measured values turned out to be consistent with the prediction
of supersymmetric grand unification. Furthermore, recent developments of neutrino exper-
iments established the existence of small finite masses of neutrinos [31, 32, 33], which can
be naturally accommodated by the seesaw model [34]. Guided by these observations, we
consider SU(5) SUSY GUT with right-handed neutrinos.
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In this model, the soft breaking terms are the same as in the mSUGRA model at the scale
where the soft breaking terms are induced. Unlike the mSUGRA model, the SU(5) SUSY
GUT with right-handed neutrinos has new sources of flavor mixing in the neutrino sector.
A large flavor mixing in the neutrino sector can affect the right-handed down type squark
sector through GUT interactions. Quark flavor signals in this model have been studied in
Ref. [9, 12, 21, 22, 35].
In the seesaw model, the neutrino mass matrix is written as
(mν)
ij = 〈h2〉2(yν)ki(M−1N )kl(yν)lj , (1)
where yν is the neutrino Yukawa coupling constant matrix, MN is the mass matrix of right-
handed neutrinos, 〈h2〉 denotes the vacuum expectation value of one of the Higgs fields h2,
and i, j, k, l are generation indices. In the basis that the charged lepton Yukawa coupling
constant matrix is diagonal, this neutrino mass matrix is related to the observable neutrino
mass eigenvalues and the Maki-Nakagawa-Sakata (MNS) matrix [36] as
(mν)
ij = (V ∗MNS)
ikmkν(V
†
MNS)
kj . (2)
In this model, the scalar lepton (slepton) masses and the A terms have the mSUGRA
type structure at the Planck scale (MP) as
(m2L)
ij = m20δ
ij , (m2E)
ij = m20δ
ij , (AE)
ij = m0A0y
i
eδ
ij , (3)
where m2L and m
2
E are the mass squared matrices of sleptons and AE denotes the slepton
trilinear scalar couplings. However, at the scale MR, where the right-handed Majorana
neutrinos are decoupled, new flavor mixings are generated by the renormalization group
effects [37]. In the leading logarithmic approximation, they are given as
(m2L)
ij ≃− 1
8π2
m20(3 + |A0|2)(y†νyν)ij ln
MP
MR
, (4a)
(m2E)
ij ≃0 , (4b)
(AE)
ij ≃− 3
8π2
m0A0y
i
e(y
†
νyν)
ij ln
MP
MR
, (4c)
for i 6= j. Consequences of these mixings on lepton flavor violating processes have been
investigated from various aspects [38, 39]. We see that, in this model, lepton flavor violating
processes such as µ→ eγ are sensitive to the off-diagonal elements of y†νyν .
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We consider two cases in the SU(5) SUSY GUT with right-handed neutrinos in regard to
the spectrum of the right-handed Majorana neutrinos. One is the case that all the masses of
heavy Majorana neutrinos are the same (degenerate case). In this simplest case, the flavor
mixing of the neutrino sector is only caused by yν because there is no flavor mixing in MN .
Since the large mixing in the MNS matrix implies that the off-diagonal elements of yν is
large, the µ → eγ branching ratio is enhanced in the wide region of the parameter space
and exceeds the experimental bound in some parameter regions. In order to suppress the
µ→ eγ branching ratio, we consider an elaborated case that MN is not proportional to the
unit matrix (non-degenerate case). In this case, the neutrino mixing comes from both yν
and MN . If the large mixing in the MNS matrix originates from MN , the corresponding
off-diagonal element of yν need not be large. Thus, the µ→ eγ decay rate can be suppressed
in this case.
We have new CP phases in this model. They are classified in the following three classes:
(i) The CP phases in the mSUGRA, i.e., φµ and φA.
(ii) CP phases in the neutrino sector. There are six physical complex phases in yν and
MN in the basis in which the charged lepton mass matrix is real and diagonal. From
the combination of these six CP phases, we obtain three CP phases in the low energy
region, i.e., one Dirac CP phase and two Majorana CP phases.
(iii) GUT CP phases [9, 22, 40]. The quark and lepton superfields are embedded in 10 and
5¯ representations of SU(5) as
10i =
{
Qi, e
−iφQi (V †U¯)i, e
iφLi E¯i
}
, 5¯i =
{
D¯i, e
−iφLi Li
}
, (5)
where V is the CKM matrix at the GUT scale, Qi(3,2, 1/6), U¯i(3¯,1,−2/3),
D¯i(3¯,1, 1/3), Li(1,2,−1/2), and E¯i(1,1, 1) are quark and lepton superfields in the
ith generation with the SU(3)×SU(2)×U(1) gauge quantum numbers in parentheses.
The phases φLi and φ
Q
i obey the constraints φ
L
1 + φ
L
2 + φ
L
3 = 0 and φ
Q
1 + φ
Q
2 + φ
Q
3 = 0.
Before the SU(5) is broken, CP phases φLi and φ
Q
i have physical meanings and they
may play an important role in the flavor physics through the renormalization group
effect above the GUT scale.
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C. A model with U(2) flavor symmetry
An alternative solution of the flavor problem of SUSY is introducing some flavor symme-
try. U(2) flavor symmetry is one of such symmetries [6, 7]. We consider the model given
in Ref. [7]. In this model, the quark and lepton supermultiplets in the first and the second
generations transform as doublets under the U(2) flavor symmetry, and the third generation
and the Higgs supermultiplets are singlets under the U(2).
In order to reproduce the correct structure of the quark Yukawa coupling matrices, we
assume the following breaking pattern of the U(2):
U(2)→ U(1)→ 1(no symmetry) . (6)
With this assumption, we obtain the quark Yukawa coupling matrix yQ and the squark mass
matrices m2X :
yijQ = YQ


0 aQǫ
′ 0
−aQǫ′ dQǫ bQǫ
0 cQǫ 1

 , Q = U,D , (7)
m2X = (m
X
0 )
2


1 0 0
0 1 + rX22ǫ
2 rX23ǫ
0 rX∗23 ǫ r
X
33

 , X = Q,U,D , (8)
where ǫ and ǫ′ are order parameters of the U(2) and U(1) symmetry breaking respectively
and they satisfy ǫ′ ≪ ǫ ≪ 1, and YQ, aQ, bQ, cQ, dQ, and rX are dimensionless parameters
of O(1). As for the squark A terms, they have the same structure as the quark Yukawa
coupling matrices:
AijQ = A
0
QYQ


0 a˜Qǫ
′ 0
−a˜Qǫ′ d˜Qǫ b˜Qǫ
0 c˜Qǫ 1

 , Q = U,D . (9)
In general, though being of O(1), a˜Q, b˜Q, c˜Q, and d˜Q take different values from the corre-
sponding parameters in Eq. (7), and we expect no exact universality of the A terms in this
model.
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In the mass matrices of sfermions in this model, the degeneracy between masses of the
first and the second generation is naturally realized. On the other hand, the mass of the third
generation may be separated from the others. There exist flavor mixings of O(ǫ) between
the second and the third generations of sfermions. These are new sources of flavor mixing
besides the CKM matrix.
There are several efforts to explain the observed neutrino masses and mixings in SUSY
models with the U(2) flavor symmetry (or its discrete relatives) [41]. However, the purpose
of this paper is to illustrate typical quark, especially bottom, flavor signals in several SUSY
models and to examine the possibility to distinguish them. A detailed study of neutrino
masses and mixings and lepton flavor signals in models with flavor symmetry is beyond the
scope of the present work. Hence, in the following analysis, we will not consider the lepton
sector in the U(2) model.
III. PROCESSES
The processes considered in the following are the Bd–B¯d and the Bs–B¯s mixings, b→ sγ,
and B → φKS. We consider the effective Lagrangian that consists of ∆B = 1 terms and
∆B = 2 terms:
L = L∆B=1 + L∆B=2 , (10)
L∆B=1 =C2LO2L + C ′2LO′2L + CLLOLL + C(1)LRO(1)LR + C(2)LRO(2)LR + C(1)TLO(1)TL + C(2)TLO(2)TL
− C7LO7L − C8LO8L + (L↔ R) (11)
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where O’s are
O2L =(s¯αγµcLα)(c¯βγµbLβ) , (12a)
O′2L =(s¯αγµuLα)(u¯βγµbLβ)− (s¯αγµcLα)(c¯βγµbLβ) , (12b)
OLL =(s¯αγµbLα)(s¯βγµsLβ) , (12c)
O(1)LR =(s¯αγµbLα)(s¯βγµsRβ) , (12d)
O(2)LR =(s¯αγµbLβ)(s¯βγµsRα) , (12e)
O(1)TL =
1
4
(s¯α[γ
µ, γν ]bLα)(s¯β[γµ, γν]sLβ) , (12f)
O(2)TL =
1
4
(s¯α[γ
µ, γν ]bLβ)(s¯β[γµ, γν ]sLα) , (12g)
O7L = e
16π2
mbs¯
i
2
[γµ, γν ]bRFµν , (12h)
O8L = g3
16π2
mbs¯
α i
2
[γµ, γν ]T
(a)
αβ b
β
RG
(a)
µν . (12i)
Among the above Wilson coefficients, C2L is dominated by the tree contributions from the
SM at the weak scale and the others are induced by loop effects. Therefore, one obtains
C ′2L = ǫuC2L, where ǫu = −V ∗usVub/V ∗tsVtb. The coefficients CLL, C(1)LR, and C(2)LR are also
dominated by the SM contribution because of the QCD correction below the electroweak
scale. L∆B=2 is described in our previous paper [4].
We discussed the Bd–B¯d and the Bs–B¯s mass splittings ∆mBd and ∆mBs in Ref. [4]. In
this paper, we consider both the direct and the mixing induced CP asymmetries in b→ sγ
and the CP asymmetry in B → φKS in addition to the above ∆B = 2 process.
About the B0–B¯0 mixing processes, the mixing matrix elements M12(Bd) and M12(Bs)
are defined as
M12(Bq) =− 1
2mBq
〈Bq|L∆B=2|B¯q〉 , (13)
where q = d, s. We can express ∆mBd and ∆mBs in terms of M12(Bq) as
∆mBq =2|M12(Bq)| . (14)
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The direct CP asymmetry in the inclusive decays B → Xsγ is defined as [15]
AdirCP (B → Xsγ) =
Γ(B¯ → Xsγ)− Γ(B → Xs¯γ)
Γ(B¯ → Xsγ) + Γ(B → Xs¯γ)
=− α3
π(|C7L|2 + |C7R|2)
[
−Imr2Im [(1− ǫu)C2LC∗7L] +
80
81
πIm(ǫuC2LC
∗
7L)
+
8
9
πIm(C8LC
∗
7L)− Imf27Im [(1− ǫu)C2LC∗7L]
+
1
3
Imf27Im [(1− ǫu)C2LC∗8L] + (L↔ R)
]
, (15)
where the functions r2 and f27 are found in Ref. [42].
The time-dependent CP asymmetry in the Bd decays to a CP eigenstate fCP is given by
Γ(B¯d(t)→ fCP )− Γ(Bd(t)→ fCP )
Γ(B¯d(t)→ fCP ) + Γ(Bd(t)→ fCP )
=AdirCP (Bd → fCP ) cos∆mBdt
+ AmixCP (Bd → fCP ) sin∆mBdt . (16)
In the b → sγ decays, we consider the time-dependent mixing induced CP asymmetry in
Bd → Msγ, whereMs denotes a hadronic CP eigenstate which includes a strange quark such
as K∗ or K1. A
mix
CP (Bd →Msγ) is given as [16]
AmixCP (Bd →Msγ) =
2Im(e−iφBC7LC7R)
|C7L|2 + |C7R|2 , (17)
where
eiφB =
M12(Bd)
|M12(Bd)| . (18)
As for Bd → φKS, we consider AmixCP (Bd → φKS), which is given as
AmixCP (Bd → φKS) =
2Im(e−iφBA¯A)
|A|2 + |A¯|2 , (19)
where A and A¯ are decay amplitudes of Bd → φK and B¯d → φK¯ respectively. Since
Bd → φKS is a hadronic decay mode, the calculation of the decay amplitude suffers from
large theoretical uncertainties. Here we use a method based on the naive factorization.
Details of the calculation of A is given in Refs. [8, 9, 43]. Using the naive factorization
ansatz, we obtain
A¯ ≡ − 〈φK¯|L|B¯〉
=−HV
[
1
3
CLL +
1
4
C
(1)
LR +
1
12
C
(2)
LR −
7
6
HT
HV
C
(1)
TL −
5
6
HT
HV
C
(2)
TL +
αs
4π
4
9
κDMC8L + (L↔ R)
+
1
9
P
(c)
G (q
2, m2b)C2L +
1
9
(
P
(u)
G (q
2, m2b)− P (c)G (q2, m2b)
)
ǫuC2L
]
, (20)
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where HV = 3〈φK¯|OLL|B¯〉 and HT = −(6/7)〈φK¯|O(1)TL|B¯〉. P (u,c)G (q2, m2b) comes from the
one-loop matrix element of O2L, q2 is the momentum transfer of the exchanged gluon, and
κDM is an O(1) coefficient [43] that parametrizes the matrix element of O8. The concrete
form of P
(qi)
G (q
2, m2b) is P
(qi)
G (q
2, m2b) = −(αs/(4π))(G(m2qi, q2, m2b)+2/3) for the NDR scheme
[44] with
G(m2qi , q
2, m2b) = −4
∫ 1
0
dxx(1− x) ln
(
m2qi − q2x(1− x)
m2b
)
. (21)
In the constituent quark model, HT/HV is proportional to mφ/mB, and thus the contribu-
tions from C
(1)
TL and C
(2)
TL are neglected.
In our calculations, we take q2 = m2b/2 and κDM = 1. Though these approximations are
difficult to be justified in QCD, we employ them for an illustration that may provides the
correct order of magnitude.
IV. NUMERICAL ANALYSIS
A. Parameters
1. Parameters in the minimal supergravity model
The parameters we use in our calculation are almost the same as those used in our
previous paper [4] except for CP phases. In our calculation, we treat the masses and the
mixing matrices in the quark and lepton sectors as input parameters that determine the
Yukawa coupling matrices.
The CKM matrix elements Vus, Vcb, and |Vub| are determined by experiments inde-
pendently of new physics because they are based on tree level processes. We adopt
Vus = 0.2196 and Vcb = 0.04 in the following calculations and vary |Vub| within a range
|Vub/Vcb| = 0.09 ± 0.01. Note that the current error of |Vub| is estimated to be larger than
this value but we expect theoretical and experimental improvements in near future. We vary
the CKM phase φ3 ≡ arg(−V ∗ubVud/V ∗cbVcd) within ±180◦, because it is not yet constrained
by tree level processes free from new physics contributions.
As for the SUSY parameters, we take the convention that the unified gaugino mass M1/2
is real. It is known that φµ is strongly constrained by the upper bound of EDM’s, while the
corresponding constraint on φA is not so tight [27]. Accordingly, we fix φµ as 0
◦ or 180◦ at
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the electroweak scale. We vary the universal scalar mass m0, M1/2, and the proportional
constant of A terms to Yukawa coupling matrix A0m0 within the ranges 0 < m0 < 3TeV,
0 < M1/2 < 1TeV, |A0| < 5, and −180◦ < φA < 180◦. We take the ratio of two VEV’s
tan β = 〈h2〉/〈h1〉 = 30 or 5.
2. Parameters in the SU(5) SUSY GUT with right-handed neutrinos
In the SU(5) SUSY GUT with right-handed neutrinos, we need to specify the parameters
in the neutrino sector in addition to the quark Yukawa coupling constants given in the
previous discussion. We take the neutrino masses asm2ν3−m2ν2 = 3.5×10−3eV2, m2ν2−m2ν1 =
6.9× 10−5eV2, and mν1 ≃ 0.001eV, and the MNS mixing matrix as
VMNS =


c⊙c13 s⊙c13 s13
−s⊙catm − c⊙satms13 c⊙catm − s⊙satms13 satmc13
s⊙satm − c⊙catms13 −c⊙satm − s⊙catms13 catmc13

 , (22)
(ci = cos θi, si = sin θi) with sin
2 2θatm = 1, tan
2 θ⊙ = 0.420, and sin
2 2θ13 = 0. These mass
squared differences and mixing angles are consistent with the observed solar and atmospheric
neutrino oscillations [31], the K2K experiment [32], and the KamLAND experiment [33].
Only the upper bound of sin2 2θ13 is obtained by reactor experiments [45], and we take the
above value as an illustration. We do not introduce the Dirac and Majorana CP phases in
the neutrino sector for simplicity.
We consider MR = 4.0 × 1013GeV and MR = 4.0 × 1014GeV for the degenerate case.
(In this case, MR is the same as the common mass of the right-handed neutrinos.) In the
non-degenerate case, we take the neutrino Yukawa coupling matrix as
y†νyν =


Y11 0 0
0 Y22 Y23
0 Y ∗23 Y33

 (23)
in order to avoid too large SUSY contribution in the branching ratio of µ→ eγ. The masses
and mixings of the right-handed neutrinos are determined to reproduce the observed neutrino
masses and VMNS. In Table I, we show the numerical values of the neutrino parameters in the
non-degenerate case. We integrate out the right-handed neutrinos at MR = 4.0× 1014GeV
in the non-degenerate case.
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tan β yν eigenvalues of MN (×1014GeV)
5


0.13 0 0
0 0.099 −0.099
0 0.46 0.46


4.4
0.56
1.7
30


0.13 0 0
0 0.098 −0.098
0 0.47 0.47


4.5
0.57
1.8
TABLE I: The neutrino parameters used in the non-degenerate case. We show the neutrino Yukawa
coupling matrices and the mass eigenvalues of the right-handed neutrinos for tan β = 5 and tan β =
30. These Yukawa coupling matrices give the structure as given in Eq. (23)
For the GUT phases φQi and φ
L
i , we take φ
Q
i = 0 and vary φ
L
i within −180◦ < φLi < 180◦
while φL1 + φ
L
2 + φ
L
3 = 0 is satisfied.
The soft SUSY breaking parameters in this model are assumed to be universal at the
Planck scale, and the running effect between the Planck scale and the GUT scale is taken
into account. We scan the same ranges for m0, M1/2, φA, and |A0| as those in the mSUGRA
case.
In Fig. 1, we show the branching ratio of µ → eγ in both the degenerate and the non-
degenerate cases of the SU(5) SUSY GUT with right-handed neutrinos. As seen in this
figure, the experimental constraint on the parameter space is more strict for the degenerate
case than the non-degenerate case. Both in the degenerate and the non-degenerate cases,
the SUSY contribution to µ → eγ becomes larger for larger MR [38, 39]. However, the
contribution is less significant in the non-degenerate case for a similar MR [39]. In fact,
for MR = 4.0 × 1014GeV in the degenerate case, the SUSY contribution to µ → eγ is so
large that most of the parameter region is excluded when tan β = 30. While, in the non-
degenerate case, a large part of the parameter region is allowed. In the following, we take
MR = 4.0×1013GeV for the degenerate case, andMR = 4.0×1014GeV for the non-degenerate
case.
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FIG. 1: The branching ratio of µ → eγ as functions of the lightest sneutrino mass in the SU(5)
SUSY GUT with right-handed neutrinos. The dotted line shows the experimental upper bound.
3. Parameters in the U(2) model
In the U(2) model, the symmetry breaking parameters ǫ and ǫ′ are taken to be ǫ =
0.04 and ǫ′ = 0.008, and the other parameters in the quark Yukawa coupling matrices
are determined so that the CKM matrix and the quark masses given in Sec. IVA1 are
reproduced. The detailed discussion to determine the quark Yukawa coupling matrices is
given in Ref. [4].
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There are many free parameters in the SUSY breaking sector as shown in Eq. (8). In
order to reduce the number of free parameters in numerical calculations, we assume that
mQ20 =m
U2
0 = m
D2
0 ≡ m20 , (24)
rQij =r
U
ij = r
D
ij ≡ rij , (ij) = (22), (23), (33). (25)
We scan the ranges for these parameters as 0 < m0 < 3TeV, −1 < r22 < +1, 0 < r33 < 4,
|r23| < 4, and −180◦ < arg r23 < 180◦. We assume that the boundary conditions for the A
parameters are the same as the mSUGRA case for simplicity.
B. Experimental constraints
In order to obtain allowed regions of the parameter space, we consider the following
experimental results:
• Lower limits on the masses of SUSY particles and the Higgs bosons given by direct
searches in collider experiments [46].
• Branching ratio of the b→ sγ decay: 2× 10−4 < B(b→ sγ) < 4.5× 10−4 [47].
• Upper bound of the branching ratio of the µ → eγ decay for the SUSY GUT cases:
B(µ→ eγ) < 1.2× 10−11 [48].
• Upper bounds of EDM’s of the neutron and the electron: |dn| < 6.3× 10−26e · cm [28]
and |de| < 4.0× 10−27e · cm [29].
• The CP violation parameter εK in theK0–K¯0 mixing and the Bd–B¯d mixing parameter
∆mBd [49]. As for the Bs–B¯s mixing parameter ∆mBs , we take ∆mBs > 13.1ps
−1 [50].
• CP asymmetry in the B → J/ψKS decay and related modes observed at the B factory
experiments [1].
C. Numerical results
1. Unitarity triangle analysis
As in our previous work [4], we search possible values of AmixCP (Bd → J/ψKS), ∆mBs ,
∆mBd , and φ3 under the constraints stated above. The results for the mSUGRA and the
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FIG. 2: ∆mBs/∆mBd versus the mixing-induced CP asymmetry of Bd → J/ψKS and φ3 in
the SU(5) SUSY GUT with right-handed neutrinos. The light-colored regions show the allowed
region in the SM. The curves show the SM values with |Vub/Vcb| = 0.08, 0.09 and 0.10. This plot
corresponds to Fig. 5 of Ref. [4].
U(2) model are not shown here, since they are similar as Fig. 5 in Ref. [4] apart from slight
changes in some input parameters.
In Fig. 2, we show the above quantities in the non-degenerate case of the SU(5) SUSY
GUT with right-handed neutrinos for tan β = 30 as well as the degenerate case. In the
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mSUGRA SU(5) SUSY GUT U(2)
degenerate non-degenerate
φ3 -
√
-
√
∆mBs/∆mBd -
√ √ √
TABLE II: Possible deviations of φ3 and ∆mBs/∆mBd from values expected in the SM.
√
means
large deviation.
degenerate case, as we found in our previous paper [4], the SUSY contribution to the K0–
K¯0 mixing is large and εK is significantly affected. This is because of the large 1–2 mixing
in the squark sector. However, the SUSY contributions to the Bd–B¯d mixing and the Bs–B¯s
mixing are not important. Thus the correlation among ∆mBs/∆mBd , A
mix
CP (Bd → J/ψKS),
and φ3 is very similar as the SM. On the other hand, in the non-degenerate case, the 2–
3 mixing in the squark sector is enhanced, and the 1–2 mixing and the 1–3 mixing are
suppressed. This means that the correlation among ∆mBs/∆mBd , A
mix
CP (Bd → J/ψKS),
and φ3 may differ from the SM, because of non-negligible SUSY contributions to the Bs–B¯s
mixing.
From this figure, we see that the allowed range of φ3 depends on the value of ∆mBs/∆mBd
in each case. For example, if ∆mBs/∆mBd is consistent with the SM (∼ 35), we observe
φ3 ∼ 60◦ in the degenerate case, and 45◦ <∼ φ3 <∼ 75◦ in the non-degenerate case. In the
case that ∆mBs/∆mBd is larger than the SM, e.g., ∆mBs/∆mBd ∼ 55, φ3 is ∼ 40◦ in the
degenerate case, while the allowed range is expected as 45◦ <∼ φ3 <∼ 60◦ in the non-degenerate
case. This indicates that a φ3 measurement is important to distinguish the two cases. In
Table II, we summarize possible deviations of φ3 and ∆mBs from the SM in each model.
In the above and the following numerical calculations, as mentioned in the introduction,
we do not take the tanβ-enhanced radiative corrections in the neutral Higgs couplings
into account. These corrections could be significant for the B − B¯ mixing amplitudes in
the parameter regions of large values of tan β and small masses of the heavy Higgs bosons,
because they scale as (tanβ)4/(mH±)
2 [23]. Accordingly, it is unlikely that this effect changes
our numerical results momentously in the region tan β <∼ 30. As for Bd → φKS, it is shown
by Kane et al. [11] that the contribution from the neutral Higgs exchange diagrams is small.
In Fig. 3, we show allowed regions in the ReM12(Bs) and ImM12(Bs) plane for the three
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FIG. 3: Real and imaginary parts of M12(Bs). The SM value is shown in a light color.
models in the case of tan β = 30. In the mSUGRA, the deviation from the SM is less
than 5%, and the SUSY contributions to the complex phase of M12(Bs) are negligible. In
the non-degenerate case of the SU(5) SUSY GUT with right-handed neutrinos, the SUSY
contribution is large in both the real and the imaginary parts of M12(Bs). They can be as
large as 30% of the SM contribution to |M12(Bs)|. This is in contrast with the degenerate
case. As seen in Fig. 3, the SUSY contribution to M12(Bs) in the degenerate case is tiny,
since the constraint to the parameter space imposed by the µ→ eγ branching ratio is very
strict. In the U(2) model, there are SUSY corrections of the order of 20% or larger to
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AdirCP (B → Xsγ) AmixCP (Bd →Msγ) AmixCP (Bd → φKS)
C7L
√ √
-
C7R -
√
-
C8L
√
-
√
C8R - -
√
TABLE III: The relation between the Wilson coefficients and the observables.
√
means that the
coefficient gives a main contribution to the observables.
M12(Bs). We have studied the case of tanβ = 5 as well. We have found that the allowed
regions ofM12(Bs) are similar to those for tan β = 30. From the experimental point of view,
∆mBs = 2|M12(Bs)| will be measured by using Bs decays such as Bs → Dsπ in hadron B
experiments [2]. The phase of M12(Bs) can be measured by observing CP violation in Bs
decays such as Bs → J/ψφ.
2. Rare B decays
Here, we discuss rare B decays in the three models. We first present SUSY contributions
to the Wilson coefficients of the dipole operators C7L, C7R, C8L, and C8R. In Table III, we
show the relation between these Wilson coefficients and observables.
The real and imaginary parts of C7L and C7R at the bottom mass scale divided by the
SM value of C7L are plotted in Fig. 4 for tan β = 30. For tanβ = 5, SUSY contributions are
less significant, and we mainly consider the tanβ = 30 case in the following.
In the leading order approximation, the branching ratio of b → sγ is proportional to
|C7L|2 + |C7R|2. In the mSUGRA, however, the SUSY contributions to C7R is very small,
because of no new flavor violation in the right-handed squark sector. Thus, the b → sγ
branching ratio constrains |C7L|. In addition, the SUSY contributions to the phase of C7L,
which is dominated by the phase φA, is small due to the constraint from the neutron EDM
experiment.
In the SU(5) SUSY GUT with right-handed neutrinos, the new flavor mixing in the
right-handed squark sector is induced by the MNS matrix and GUT interactions. SUSY
contributions to C7L and C7R can be as large as C
SM
7L . The EDM constraints are also strong,
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FIG. 4: Wilson coefficients (a) C7L and (b) C7R normalized by the SM value of C7L.
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mSUGRA SU(5) SUSY GUT U(2)
degenerate non-degenerate
|C7,8L| - -
√√ √√
|C7,8R| -
√ √√ √√
argC7,8L
√
-
√ √√
argC7,8R -
√ √√ √√
M12(Bs) - -
√√ √√
TABLE IV: Possible SUSY contributions to Wilson coefficients C7’s and C8’s and M12(Bs) in each
model.
√
means non-negligible deviation from the SM, and
√√
denotes large SUSY contributions.
and the SUSY contribution to the phase of C7L cannot become large as in the mSUGRA.
Since we have introduced no CP phase of the neutrino sector in this analysis, the SUSY
contribution to the phase of C7R mainly comes from the GUT phases φ
L
i . Note that φ
L
i ’s
contribute only to off-diagonal elements of the right-handed down squark mass matrix, and
thus, they do not affect the neutron EDM. The µ→ eγ constraint in the degenerate case is
much stronger than that in the non-degenerate case as seen in Fig. 1. Therefore, the allowed
regions become much larger in the non-degenerate case.
In the U(2) model, SUSY contributions to C7L and C7R can be large because of the
existence of new flavor mixings in the squark sector. Though the new contribution to the
phase of C7L is restricted by the neutron EDM constraint in this model, the restriction is
weaker than that in the above two models because the phase of (m2Q)23 is independent of
the phase that contributes to the neutron EDM. Compared with the non-degenerate case of
SU(5) SUSY GUT with right-handed neutrinos, |(m2D)23| is suppressed in the U(2) model,
and the SUSY contribution to |C7R| is smaller.
The SUSY contributions to C8L and C8R are similar to those to C7L and C7R in each
model as seen in Fig. 5, because the flavor mixings and CP phases that determine the SUSY
contributions to C7L and C7R are the same as those contribute to C8L and C8R. This means
that the constraints on C7L and C7R from b → sγ branching ratio also restrict predicted
values of C8L and C8R. In Table IV, we summarize possible SUSY contributions to Wilson
coefficients C7’s and C8’s and M12(Bs) in each models.
In Fig. 6, we plot AdirCP (B → Xsγ) and AmixCP (B → Msγ) versus the gluino mass for
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FIG. 5: Wilson coefficients (a) C8L and (b) C8R normalized by the SM value of C8L.
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FIG. 6: (a) The direct CP asymmetry in b → sγ, and (b) the mixing-induced CP asymmetry in
Bd →Msγ as functions of the gluino mass.
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tan β = 30. AdirCP (B → Xsγ) essentially comes from the imaginary part of the interference
terms between C7L and C2L, and C8L and C2L, because C2R is negligible. Therefore, SUSY
contributions to AdirCP (B → Xsγ) is constrained by the neutron EDM, and |AdirCP (B → Xsγ)|
is at most ∼ 1% in the mSUGRA and the SU(5) SUSY GUT with right-handed neutrinos.
|AdirCP (B → Xsγ)| can be as large as 3% in the U(2) model. The SM prediction is about 0.5%
[15]. On the other hand, the mixing induced CP asymmetry in Bd → Msγ depends on C7L
and C7R. Although the SUSY contribution to C7L cannot be negligible in the models that we
are studying, the deviation from the SM essentially comes from C7R. Therefore, the SUSY
effect can become larger in the SU(5) SUSY GUT with right-handed neutrinos and in the
U(2) model compared with the mSUGRA model. In the mSUGRA model, |AmixCP (B → Msγ)|
is at a level of 1%, which is similar to the value of the SM [16]. In the non-degenerate case
of the SU(5) SUSY GUT with right-handed neutrinos, |AmixCP (Bd → Msγ)| can be maximal,
while in the degenerate case, |AmixCP (Bd → Msγ)| can be as large as 0.1. In the U(2) model,
we find that |AmixCP (B → Msγ)| could be as large as 0.5.
In Fig. 7, we show the correlation between AmixCP (Bd → φKS) and AmixCP (Bd → J/ψKS)
for tan β = 30. In the SM, AmixCP (Bd → φKS) = AmixCP (Bd → J/ψKS) is satisfied. As
mentioned in Sec. III, the SM contribution is dominant in CLL, C
(1)
LR, and C
(2)
LR due to the
QCD correction between the electroweak scale and the bottom mass scale. Thus, SUSY
contributes to AmixCP (Bd → φKS) mainly through C8’s.
In the mSUGRA, we see that the SM relation AmixCP (Bd → φKS) = AmixCP (Bd → J/ψKS)
approximately holds, and the deviation from the SM in AmixCP (B → J/ψKS) is less than 10%
as seen in Ref. [4]. Therefore, AmixCP (B → φKS) is almost the same as that in the SM.
In the non-degenerate case of the SU(5) SUSY GUT with right-handed neutrinos,
AmixCP (Bd → φKS) can substantially differ from the value in the SM and may be smaller than
0.1, because of the large SUSY contributions to C8R. On the other hand, in the degenerate
case, the SM relation AmixCP (Bd → φKS) = AmixCP (Bd → J/ψKS) is satisfied. Accordingly, the
value of AmixCP (Bd → φKS) is restricted by the experimental result on AmixCP (Bd → J/ψKS).
In the U(2) model, AmixCP (B → φKS) can deviate from the SM prediction because of SUSY
contributions to C8L and C8R. The experimental result of A
mix
CP (Bd → J/ψKS) implies that
AmixCP (Bd → φKS) lies between 0.3 and 1.0.
In Fig. 8, we show AmixCP (Bd → φKS) as a function of the gluino mass. In the mSUGRA
and the degenerate case of the SU(5) SUSY GUT with right-handed neutrinos, the SUSY
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FIG. 7: The correlation between the mixing-induced CP asymmetries in Bd → φKS and Bd →
J/ψKS . The vertical and horizontal dotted lines show the 1σ ranges of experimental values. In
this plot, the experimental constraint of AmixCP (Bd → J/ψKS) is not imposed.
effect is almost negligible, and we see virtually no dependence on the gluino mass. On the
other hand, in the degenerate case of the SU(5) SUSY GUT with right-handed neutrinos
and the U(2) model, the SUSY contribution is significant, in particular for the smaller mass
of the gluino.
Recently, it has been pointed out that the contribution of the chromo-EDM of the strange
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FIG. 8: The mixing-induced CP asymmetry in Bd → φKS as a function of the gluino mass.
quark to the EDM of 199Hg is devastating in SUSY models with a large 2–3 mixing in the
right-handed squark sector, and that a large deviation of AmixCP (Bd → φKS) from the SM
prediction is unlikely provided that the experimental upper bound [51] on the EDM of
199Hg is imposed [52]. Although the theoretical estimate [53] of the 199Hg EDM due to the
chromo-EDM of the light quarks suffers from relatively large uncertainties, it is probable
that the 199Hg EDM constraint severely restricts flavor mixings and CP violation in some
SUSY models, and thus constricts their flavor and CP signals such as AmixCP (Bd → φKS) in
general.
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FIG. 9: The correlation between the mixing-induced CP asymmetry in Bd → φKS and the 199Hg
EDM in the non-degenerate case of the SU(5) SUSY GUT with right-handed neutrinos and the
U(2) model.
FIG. 10: The correlation between the mixing-induced CP asymmetries in Bd → φKS and Bd →
J/ψKS under the constraint of the
199Hg EDM in the non-degenerate case of the SU(5) SUGY
GUT with right-handed neutrinos and the U(2) model.
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mSUGRA SU(5) SUSY GUT U(2)
degenerate non-degenerate
AdirCP (B → Xsγ)
√
-
√ √√
AmixCP (B →Msγ) -
√ √√ √√
AmixCP (B → φKS) - -
√√ √√
TABLE V: Significance of SUSY contributions to the CP asymmetries in each model.
√
means
non-negligible deviation from the SM, and
√√
means large SUSY contributions.
Among the models considered in the present work, effects of the 199Hg EDM constraint
are non-negligible in the non-degenerate case of the SU(5) SUSY GUT with right-handed
neutrinos and the U(2) model. We show the correlation between the 199Hg EDM and
AmixCP (Bd → φKS) in these models in Fig. 9. In our numerical calculation of the 199Hg
EDM, contributions of all the three light flavors are included. Fig. 9 illustrates how a flavor
signal is tightened if the 199Hg EDM constraint is applied. In Fig. 10, the correlation between
AmixCP (Bd → J/ψKS) and AmixCP (Bd → φKS) under the constraint of the 199Hg EDM is shown.
Comparing this figure with Fig.7, we see that the 199Hg EDM constraint certainly restricts
the possible deviation from the SM prediction. At the same time, however, our detailed
calculation shows that there still remains some parameter region in which AmixCP (Bd → φKS)
is significantly different from AmixCP (Bd → J/ψKS) in these models. A similar argument is
applied to both AdirCP (B → Xsγ) and AmixCP (B → Msγ).
In Table V, we summarize the significance of SUSY contributions on the CP asymmetries
that we have considered. In this table, we see the possibility to distinguish the three models
in B experiments.
As we stressed in the introduction, the purpose of this work is to demonstrate that
identifying patterns of deviations from the SM predictions is useful to distinguish different
origins of the SUSY breaking sector. From this point of view, combined with the analysis
of the unitarity triangle[4], we can make the following observations:
• Deviations from the SM predictions in the unitarity triangle and rare decays are small
in the mSUGRAmodel, except for some sizable contributions in the direct CP violation
in the b→ sγ process. Note that this conclusion may not hold in a particularly large
value of tan β ∼ 60 due to the Higgs exchange effects [23].
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• The pattern of the deviations from the SM depends on the right-handed neutrino
mass matrix in the SU(5) SUSY GUT with right-handed neutrinos. In the degenerate
case, flavor mixing signals between the 1–2 generations become large. This appears as
inconsistency between the measured value of ǫK and the B meson unitarity triangle,
although the unitarity triangle is closed among B meson observables. The rare decay
processes induced by the b–s transition do not show large deviations, but the branching
ratio of µ → eγ process can be just below the present experimental bound. This is
expected to be a generic feature of SU(5) SUSY GUT with right-handed neutrinos.
• In a specific parameter choice of the “non-degenerate” case, in which the µ → eγ
constraint is relaxed, the flavor signals between 2–3 generations are expected to be
sizable. This includes the mixing-induced CP asymmetry in Bd → Msγ and Bd →
φKS. The direct CP asymmetry in the b → sγ process, on the other hand, does not
show a large deviation.
• Various new physics signals in the consistency test of the unitarity triangle and rare
decay process are expected in the MSSM with U(2) flavor symmetry.
In this way, we can expect different sizes and patterns of new physics signals in the above
models. These are crucial in pointing toward a specific model from flavor physics.
V. CONCLUSIONS
In order to seek the possibility to distinguish different SUSY models with B physics
experiments, we have studied rare B decays related to the b→ s transition combining with
the unitarity triangle analysis in three SUSY models. These models, namely the mSUGRA,
the SU(5) SUSY GUT with right-handed neutrinos, and the U(2) flavor symmetry model,
are different in character with respect to flavor structures of their SUSY breaking sectors.
We have considered two different cases in regard to the mass spectrum of the right-handed
neutrinos in the SU(5) SUSY GUT with right-handed neutrinos.
In the unitarity triangle analysis, we have studied consequences of SUSY to AmixCP (Bd →
J/ψKS), ∆mBs/∆mBd , and φ3. Our results are summarized in Table II and Fig. 2. It could
be possible to distinguish the three models by precisely measuring ∆mBs and φ3 in future
B experiments.
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As for rare B decays, we have explored SUSY effects to the direct CP asymmetry in b→
sγ, the mixing induced CP asymmetry in Bd → Msγ, and the CP asymmetry in Bd → φKS
in the three models. The results are summarized in Tables IV and V. Table IV shows the
relative importance of SUSY contributions to the theoretically interesting Wilson coefficients
related to the b→ s transitions and the Bs–B¯s mixing amplitude. The significance of SUSY
effects to the CP asymmetries is indicated in Table V.
The new flavor signals in the mSUGRA and the degenerate case of the SU(5) SUSY GUT
are relatively limited in the b → s rare decays considered in the present work. To detect
these signals, typically a few percent, we may need an ultimate B experiment.
On the other hand, the non-degenerate case of the SU(5) SUSY GUT exhibits quite
attractive flavor signals in Bd → Msγ and Bd → φKS as seen in Table V. We have also
observed that the U(2) model predicts significant deviations from the SM in the b→ s rare
decays as well as the unitarity triangle analysis. So far, both Belle and BaBar experiments
have collected copious B decays, and they are expected to go well continuously. Thus, more
Bd → φKS and related events will be obtained in near future. Moreover, both KEK and
SLAC plan to upgrade their B factories. Therefore, the above flavor signals may well be in
the reach of the present and foreseeable future B experiments.
Combining the above observation with the results in our previous work, we conclude that
the study of the unitarity triangle and rare B decays could discriminate several SUSY models
that have different flavor structures in their SUSY breaking sectors. Such a study will play
important roles, even if SUSY particles are found at future experiments at the energy frontier
such as LHC. Although the spectrum of SUSY particles will be determined at LHC and a
future e+e− linear collider, most of information concerning the flavor mixing of the squark
sector is expected to come from the super B factory and hadron B experiments. Since the
flavor structure of the SUSY breaking provides us with an important clue to the origin of
the SUSY breaking mechanism and interactions at very high energy scales, B physics will
be essential for clarifying a whole picture of the SUSY model.
Acknowledgments
The work of Y.O. was supported in part by a Grant-in-Aid of the Ministry of Education,
Culture, Sports, Science, and Technology, Government of Japan (No. 13640309). The work
31
of Y.S. was supported in part by a Grant-in-Aid of the Ministry of Education, Culture,
Sports, Science and Technology, Government of Japan (No. 13001292). The work of M.T.
was supported in part by a Grant-in-Aid of the Ministry of Education, Culture, Sports,
Science and Technology, Government of Japan (No. 14046212 and No. 15540272). The work
of T.S. was supported in part by Research Fellowship of the Japan Society for the Promotion
of Science (JSPS) for Young Scientists (No.15-03927).
[1] A. Abashian et al. [Belle Collaboration], Phys. Rev. Lett. 86, 2509 (2001); K. Abe et al. [Belle
Collaboration], ibid. 87, 091802 (2001); Phys. Rev. D 66, 071102 (2002); B. Aubert et al.
[BABAR Collaboration], Phys. Rev. Lett. 86, 2515 (2001); 87, 091801 (2001); 89, 201802
(2002).
[2] P. Ball et al., arXiv:hep-ph/0003238; K. Anikeev et al., arXiv:hep-ph/0201071.
[3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Prog. Theor.
Phys. 49, 652 (1973).
[4] T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, Phys. Rev. D 66, 035009 (2002).
[5] T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, arXiv:hep-ph/0211143.
[6] A. Pomarol and D. Tommasini, Nucl. Phys. B 466, 3 (1996); R. Barbieri, G. R. Dvali, and
L. J. Hall, Phys. Lett. B 377, 76 (1996); R. Barbieri and L. J. Hall, Nuovo Cim. A 110, 1
(1997); R. Barbieri, L. Giusti, L. J. Hall and A. Romanino, Nucl. Phys. B 550, 32 (1999).
[7] R. Barbieri, L. J. Hall, S. Raby, and A. Romanino, Nucl. Phys. B 493, 3 (1997); R. Barbieri,
L. J. Hall, and A. Romanino, Phys. Lett. B 401, 47 (1997).
[8] R. Barbieri and A. Strumia, Nucl. Phys. B 508, 3 (1997).
[9] T. Moroi, Phys. Lett. B 493, 366 (2000).
[10] K. Abe et al. [Belle Collaboration], hep-ex/0207098;hep-ex/0308035; B. Aubert et al. [BABAR
Collaboration], Phys. Rev. Lett. 89, 201802 (2002); hep-ex/0309025.
[11] E. Lunghi and D. Wyler, Phys. Lett. B 521, 320 (2001); S. Khalil and E. Kou, Phys. Rev.
D 67, 055009 (2003); arXiv:hep-ph/0303214; G. L. Kane, P. Ko, H. Wang, C. Kolda, J. Park
and L. T. Wang, arXiv:hep-ph/0212092; Phys. Rev. Lett. 90, 141803 (2003); R. Harnik,
D. T. Larson, H. Murayama and A. Pierce, arXiv:hep-ph/0212180. M. Ciuchini, E. Franco,
A. Masiero and L. Silvestrini, Phys. Rev. D 67, 075016 (2003); S. Baek, ibid. 67, 116005
32
(2003); K. Agashe and C. D. Carone, ibid. 68, 035017 (2003);
[12] J. Hisano and Y. Shimizu, Phys. Lett. B 565, 183 (2003).
[13] A. Datta, Phys. Rev. D 66, 071702 (2002); B. Dutta, C. S. Kim and S. Oh, Phys. Rev. Lett.
90, 011801 (2003); A. Kundu and T. Mitra, Phys. Rev. D 67, 116005 (2003).
[14] G. Hiller, Phys. Rev. D 66, 071502 (2002); M. Ciuchini and L. Silvestrini, Phys. Rev. Lett.
89, 231802 (2002); M. Raidal, Phys. Rev. Lett. 89, 231803 (2002); J. P. Lee and K. Y. Lee,
Eur. Phys. J. C 29, 373 (2003); A. Arhrib and W. S. Hou, ibid. 27, 555 (2003); C. W. Chiang
and J. L. Rosner, Phys. Rev. D 68, 014007 (2003).
[15] A. L. Kagan and M. Neubert, Phys. Rev. D 58, 094012 (1998).
[16] D. Atwood, M. Gronau and A. Soni, Phys. Rev. Lett. 79, 185 (1997).
[17] C. K. Chua, X. G. He and W. S. Hou, Phys. Rev. D 60, 014003 (1999); M. Aoki, G. C. Cho
and N. Oshimo, ibid. 60, 035004 (1999); Nucl. Phys. B 554, 50 (1999); L. Giusti, A. Romanino
and A. Strumia, ibid. 550, 3 (1999); S. Baek and P. Ko, Phys. Rev. Lett. 83, 488 (1999);
K. T. Mahanthappa and S. Oh, Phys. Rev. D 62, 015012 (2000); K. Kiers, A. Soni and
G. H. Wu, ibid. 62, 116004 (2000); M. Brhlik, L. L. Everett, G. L. Kane, S. F. King and
O. Lebedev, Phys. Rev. Lett. 84, 3041 (2000). D. Bailin and S. Khalil, ibid. 86, 4227 (2001);
A. G. Akeroyd, Y. Y. Keum and S. Recksiegel, Phys. Lett. B 507, 252 (2001); C. K. Chua and
W. S. Hou, Phys. Rev. Lett. 86, 2728 (2001) A. Bartl, T. Gajdosik, E. Lunghi, A. Masiero,
W. Porod, H. Stremnitzer and O. Vives, Phys. Rev. D 64, 076009 (2001); D. A. Demir and
K. A. Olive, ibid. 65, 034007 (2002); P. Ko, J. Park and G. Kramer, Eur. Phys. J. C 25, 615
(2002); P. Ko and J. Park, JHEP 0209, 017 (2002); T. Becher, S. Braig, M. Neubert and
A. L. Kagan, Phys. Lett. B 540 (2002) 278.
[18] S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, Nucl. Phys. B 353, 591 (1991).
[19] P. L. Cho, M. Misiak and D. Wyler, Phys. Rev. D 54, 3329 (1996); T. Goto, Y. Okada,
Y. Shimizu and M. Tanaka, ibid. 55, 4273 (1997); J. L. Hewett and J. D. Wells, ibid. 55, 5549
(1997); Y. G. Kim, P. Ko and J. S. Lee, Nucl. Phys. B 544, 64 (1999); E. Lunghi, A. Masiero,
I. Scimemi and L. Silvestrini, ibid. 568, 120 (2000); F. Kruger and J. C. Romao, Phys. Rev.
D 62, 034020 (2000); A. Ali, E. Lunghi, C. Greub and G. Hiller, ibid. 66, 034002 (2002).
[20] I. Abe et al., Expression of Interest in A High Luminosity Upgrade of the KEKB Collider and
the Belle Detector (2002) http://belle.kek.jp/˜yamauchi/EoI.ps; Z. g. Zhao et al., in Proc. of
the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed.
33
R. Davidson and C. Quigg, arXiv:hep-ex/0201047.
[21] S. Baek, T. Goto, Y. Okada, and K. Okumura, Phys. Rev. D 63, 051701 (2001); ibid. 64,
095001 (2001).
[22] T. Moroi, JHEP 0003, 019 (2000); N. Akama, Y. Kiyo, S. Komine, and T. Moroi, Phys. Rev.
D 64, 095012 (2001).
[23] C. Hamzaoui, M. Pospelov and M. Toharia, Phys. Rev. D 59, 095005 (1999); G. Isidori and
A. Retico, JHEP 0111, 001 (2001); A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slaw-
ianowska, Phys. Lett. B 546, 96 (2002); Nucl. Phys. B 659, 3 (2003); A. Dedes and A. Pilaftsis,
Phys. Rev. D 67, 015012 (2003).
[24] A. Masiero, M. Piai, A. Romanino and L. Silvestrini, Phys. Rev. D 64, 075005 (2001).
[25] J. R. Ellis, S. Ferrara and D. V. Nanopoulos, Phys. Lett. B 114, 231 (1982); W. Buchmu¨ller
and D. Wyler, ibid. 121, 321 (1983); F. del Aguila, M. B. Gavela, J. A. Grifols and A. Mendez,
ibid. 126, 71 (1983); 129, 473(E) (1983); D. V. Nanopoulos and M. Srednicki, ibid. 128, 61
(1983); J. Polchinski and M. B. Wise, ibid. 125, 393 (1983); M. Dugan, B. Grinstein and
L. J. Hall, Nucl. Phys. B 255, 413 (1985).
[26] Y. Kizukuri and N. Oshimo, Phys. Rev. D 45, 1806 (1992); 46, 3025 (1992); T. Falk,
K. A. Olive and M. Srednicki, Phys. Lett. B 354, 99 (1995); T. Kobayashi, M. Konmura,
D. Suematsu, K. Yamada and Y. Yamagishi, Prog. Theor. Phys. 94, 417 (1995); R. Barbieri,
A. Romanino and A. Strumia, Phys. Lett. B 369, 283 (1996); D. Chang, W. Y. Keung and
A. Pilaftsis, Phys. Rev. Lett. 82, 900 (1999); 83, 3972(E) (1999); M. Brhlik, G. J. Good and
G. L. Kane, Phys. Rev. D 59, 115004 (1999); S. Pokorski, J. Rosiek and C. A. Savoy, Nucl.
Phys. B 570, 81 (2000); R. Arnowitt, B. Dutta and Y. Santoso, Phys. Rev. D 64, 113010
(2001); S. Abel, S. Khalil and O. Lebedev, Nucl. Phys. B 606, 151 (2001); V. D. Barger,
T. Falk, T. Han, J. Jiang, T. Li and T. Plehn, Phys. Rev. D 64, 056007 (2001).
[27] T. Falk and K. A. Olive, Phys. Lett. B 375, 196 (1996); 439, 71 (1998); T. Ibrahim
and P. Nath, ibid. 418, 98 (1998); Phys. Rev. D 57, 478 (1998); 58, 019901(E) (1998);
60,079903(E) (1999); 60,119901(E) (1999).
[28] P. G. Harris et al., Phys. Rev. Lett. 82, 904 (1999).
[29] B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, Phys. Rev. Lett. 88, 071805
(2002).
[30] T. Nihei, Prog. Theor. Phys. 98, 1157 (1997); T. Goto, Y. Y. Keum, T. Nihei, Y. Okada and
34
Y. Shimizu, Phys. Lett. B 460, 333 (1999).
[31] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998);
S. Fukuda et al. [Super-Kamiokande Collaboration], ibid. 86, 5651 (2001); Q. R. Ahmad et al.
[SNO Collaboration], ibid. 87, 071301 (2001); M. Altmann et al. [GNO Collaboration], Phys.
Lett. B 490, 16 (2000); W. Hampel et al. [GALLEX Collaboration], ibid. 447, 127 (1999);
B. T. Cleveland et al., Astrophys. J. 496, 505 (1998); V. N. Gavrin [SAGE Collaboration],
Nucl. Phys. Proc. Suppl. 91, 36 (2001).
[32] M. H. Ahn et al. [K2K Collaboration], Phys. Rev. Lett. 90, 041801 (2003).
[33] K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90, 021802 (2003).
[34] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, Proceedings of the Workshop,
Stony Brook, New York, 1979, edited by P. van Nieuwenhuizen and D. Freedman (North-
Holland, Amsterdam, 1979), p. 315; T. Yanagida, in Proceedings of the Workshop on the Uni-
fied Theories and Baryon Number in the Universe, Tsukuba, Japan, 1979, edited by O. Sawada
and A. Sugamoto (KEK Report No. 79-18,Tsukuba, 1979), p. 95.
[35] D. Chang, A. Masiero, and H. Murayama, Phys. Rev. D 67, 075013 (2003).
[36] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).
[37] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986).
[38] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B 357, 579 (1995);
J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53, 2442 (1996); Phys. Lett.
B 391, 341 (1997); J. Hisano, D. Nomura and T. Yanagida, ibid. 437, 351 (1998); J. Hisano
and D. Nomura, Phys. Rev. D 59, 116005 (1999); W. Buchmu¨ller, D. Delepine and F. Vissani,
Phys. Lett. B 459, 171 (1999); W. Buchmu¨ller, D. Delepine and L. T. Handoko, Nucl. Phys.
B 576, 445 (2000); J. R. Ellis, M. E. Gomez, G. K. Leontaris, S. Lola and D. V. Nanopoulos,
Eur. Phys. J. C 14, 319 (2000); J. Sato and K. Tobe, Phys. Rev. D 63, 116010 (2001);
J. Sato, K. Tobe and T. Yanagida, Phys. Lett. B 498, 189 (2001); S. Lavignac, I. Masina
and C. A. Savoy, ibid. 520, 269 (2001); Nucl. Phys. B 633, 139 (2002); F. Deppisch, H. Pas,
A. Redelbach, R. Ru¨ckl and Y. Shimizu, Eur. Phys. J. C 28, 365 (2003).
[39] J. A. Casas and A. Ibarra, Nucl. Phys. B 618, 171 (2001); J. R. Ellis, J. Hisano, M. Raidal
and Y. Shimizu, Phys. Rev. D 66, 115013 (2002).
[40] J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, Phys. Lett. B 88, 320 (1979).
[41] R. Barbieri, P. Creminelli and A. Romanino, Nucl. Phys. B 559, 17 (1999); T. Blazek, S. Raby
35
and K. Tobe, Phys. Rev. D 62, 055001 (2000); A. Aranda, C. D. Carone and R. F. Lebed,
Phys. Lett. B 474, 170; Phys. Rev. D 62, 016009 (2000); M. C. Chen and K. T. Mahanthappa,
ibid. 62, 113007 (2000); A. Aranda, C. D. Carone and P. Meade, Phys. Rev. D 65, 013011
(2002); S. Raby, Phys. Lett. B 561, 119 (2003).
[42] C. Greub, T. Hurth and D. Wyler, Phys. Lett. B 380, 385 (1996); Phys. Rev. D 54, 3350
(1996); N. Pott, ibid. 54, 938 (1996).
[43] N. G. Deshpande, X. G. He and J. Trampetic´, Phys. Lett. B 377, 161 (1996).
[44] R. Fleischer, Z. Phys. C 58, 483 (1993); A. J. Buras, M. Jamin, M. E. Lautenbacher and
P. H. Weisz, Nucl. Phys. B 370, 69 (1992); 375, 501 (1992); A. J. Buras, M. Jamin and
M. E. Lautenbacher, ibid. 408, 209 (1993).
[45] C. Bemporad [CHOOZ Collaboration], Nucl. Phys. Proc. Suppl. 77, 159 (1999); M. Apollonio
et al. [CHOOZ Collaboration], Phys. Lett. B 466, 415 (1999); 472, 434(E) (2000); Y. F. Wang
[Palo Verde Collaboration], Int. J. Mod. Phys. A 16S1B, 739 (2001).
[46] T. Affolder et al. [CDF Collaboration], Phys. Rev. Lett. 87, 251803 (2001); ibid. 88, 041801
(2002); S. Abachi et al. [D0 Collaboration], ibid. 75, 618 (1995); R. Barate et al. [ALEPH
Collaboration], Phys. Lett. B 499, 67 (2001); A. Heister et al. [ALEPH Collaboration], ibid.
526, 191 (2002); M. Acciarri et al. [L3 Collaboration], ibid. 503, 21 (2001); P. Abreu et al.
[DELPHI Collaboration], ibid. 496, 59 (2000); Eur. Phys. J. C 17, 187 (2000) [Addendum-
ibid. 17, 549 (2000)]; G. Abbiendi et al. [OPAL Collaboration], ibid. 12, 567 (2000); ibid. 14,
187 (2000); 16, 707(E) (2000); Phys. Lett. B 456, 95 (1999).
[47] S. Chen et al. [CLEO Collaboration], Phys. Rev. Lett. 87, 251807 (2001); K. Abe et al. [Belle
Collaboration], ibid. 511, 151 (2001).
[48] M. L. Brooks et al. [MEGA Collaboration], Phys. Rev. Lett. 83, 1521 (1999).
[49] D. E. Groom et al. [Particle Data Group Collaboration], Eur. Phys. J. C 15, 1 (2000).
[50] G. Abbiendi et al. [OPAL Collaboration], Eur. Phys. J. C 19, 241 (2001); ibid. 11, 587 (1999);
F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 82, 3576 (1999); R. Barate et al. [ALEPH
Collaboration], Eur. Phys. J. C 7, 553 (1999); P. Abreu et al. [DELPHI Collaboration], ibid.
16, 555 (2000); ibid. 18, 229 (2000).
[51] M. V. Romalis, W. C. Griffith and E. N. Fortson, Phys. Rev. Lett. 86, 2505 (2001).
[52] J. Hisano and Y. Shimizu, arXiv:hep-ph/0308255.
[53] T. Falk, K. A. Olive, M. Pospelov and R. Roiban, Nucl. Phys. B 560, 3 (1999).
36
